the secondary structure of the ssDNA, which indirectly
promotes the formation of a Rad51 nucleoprotein filameiosis I ( Figure 1A ), as reported, and accumulates meiotic DSBs at a recombination hot spot (the HIS4-LEU2 ment. However, Rad51 by itself cannot bind to RPAlocus; Figure 1B ) with more resected ends than the wildcoated ssDNAs. Rad52 helps the loading of Rad51 on type ( Figures 1C and 1D ), as seen in the mutant of the RPA-coated ssDNA and the assembly of the Rad51 nu-DMC1 gene (Bishop et al., 1992) . In addition, the mutant cleoprotein filament. Rad55-57 might help the assembly forms very few crossover recombinants at the HIS4-of Rad51 and/or stabilize the Rad51 filament. Proteins LEU2, as measured by physical analysis (Figures 1E and that help the loading of Rad51 and the assembly of 1F). These observations suggest that MEI5 facilitates the nucleoprotein filaments on DNAs are referred to as the conversion of the DSBs into recombinants. mediators (Gasior et al., 2001 ). Rad51 nucleoprotein fila-A previous study showed that the sae3-1 mutant accument, working with Rad54, carries out homology search mulates meiotic DSBs that trigger meiotic prophase arbetween the ssDNA and a homologous duplex DNA and rest, similar to dmc1 and mei5 (McKee and Kleckner, exchanges the strands. 1997). We confirmed these previous observations for a The assembly process for Dmc1 is poorly understood.
sae3 null mutant. The sae3 null mutant exhibits prophase Previous studies showed that Rad51 is necessary for arrest (see Supplemental Figure S1 at http://www.cell. efficient Dmc1 focus formation, while Dmc1 is not neccom/cgi/content/full/119/7/927/DC1/). DSBs in the sae3 essary for Rad51 focus formation (Bishop, 1994 ; Shinonull mutant appear as in the wild-type, but, during further hara et al., 1997). Tid1/Rdh54, which interacts with both incubation, they accumulate more processed ends than Rad51 and Dmc1 (Dresser et al., 1997) , is required for those in the wild-type (Supplemental Figure S1 ). the coordinated actions of Rad51 and Dmc1 (Shinohara We further compared the meiotic phenotypes of the et al., 2000). In addition, the meiosis-specific complex mei5 and sae3 mutants with those of dmc1. Previous Mnd1-Hop2 works in a DMC1-dependent recombination studies showed that a high copy of either the RAD51 or pathway (Chen et largely suppresses the meiotic cell arrest conferred by In this report, we identified two meiosis-specific proeither the mei5 or the sae3 and increases the viability of teins, Mei5 and Sae3, which facilitate Dmc1 loading to the mutants as high as 82%-83% ( Figure 1I ). In addition, a Rad51 complex on DNAs. Mei5 and Sae3 form an return-to-growth experiments indicate that, as for dmc1, evolutionary conserved heterocomplex, which works toboth the mei5 and sae3 mutants maintain the viability gether with Dmc1 during meiotic recombination.
of cells during incubation with sporulation medium (SPM) and can repair the meiotic DSBs when they reResults sume mitotic growth, which was shown by an increase in prototroph formation and the disappearance of DSBs The mei5 and sae3 Mutants Show Identical in Southern blotting ( Figures 1G and 1H ).
Phenotypes to the dmc1
The dmc1 mutant is defective in synaptonemal comTo look for the genes that may function in meiotic recomplex (SC) formation in the SK-1 strain background bination together with Dmc1, we searched for mutations (Bishop, 1994 then disappear (Figures 1J and 1K ). Both the mei5 and ure 2D). Thus, the effect of the mei5 on Dmc1 assembly is not due to the inability of the mutant cells to express sae3 mutants are defective in the formation of full-length SCs. The chromosome spreads of the mutants rarely Dmc1. These data suggest that Mei5 is a novel assembly factor for the meiosis-specific Dmc1 protein. contain Class III, which is often found after 4 hr of incubation in the wild-type ( Figure 1K ). On the other hand, the Cytological analysis also reveals that the sae3 cells form Rad51 foci on meiotic chromosomes but never mei5 and sae3 mutants accumulate partially elongated Zip1 staining with a lot of Rad51 foci (Figures 1J and dismantle the foci (Figures 2B and 2C ). More importantly, the sae3 null mutant is deficient in Dmc1 focus forma-1K, and see Supplemental Figure S1 on the Cell web site). However, this is not the typical class II observed tion, as is the mei5 mutant ( Figures 2B and 2C Figure 2C ). the formation of noncrossovers as well as crossovers (Supplemental Figure S2) , while the zmm mutant is only Furthermore, spore inviabiity of the mei5 sae3 double mutant is suppressed by a high copy number of RAD51 defective in crossover formation. In addition, mei5 and sae3 mutants do not show a temperature-sensitive de-( Figure 1I ). These results indicate that MEI5 and SAE3 belong to the same epistasis group. fect in meiosis, which is a characteristic of the zmm mutants ( intron might be regulated in a meiosis-specific manner, than that of Rad51, Dmc1, and Mei5 foci. This might be due to epitope masking. Sae3 foci are often colocalized as seen in other meiosis-specific recombination genes such as MER2, MER3, and HOP2 (e.g., Nakagawa and with Rad51 or Dmc1 foci with a frequency of 48% (n ϭ 56; Figure 5D ). We also examined the effect of the dmc1, Ogawa The Mei5-Sae3 complex works specifically with a meiosis-specific RecA homolog Dmc1. The mei5, sae3, and Indeed, both Mei5 and Sae3 were copurified together in at least three column chromatography experiments dmc1 mutants confer identical meiotic defects. Importantly, all three mutants are defective in the conversion ( Figure 6B ). These results indicate that Mei5 and Sae3 can form a tight complex in vitro.
of DSBs to recombination products. In addition, the three genes are transcribed specifically during the meiotic prophase, whose expression is under the control Discussion of a meiosis-specific enhancer sequence. Importantly, both Mei5 and Sae3 are necessary for the efficient load-
Mei5 and Sae3 Form a Loading Complex Specific to Dmc1
ing of Dmc1 on recombination hot spots but are not required for Rad51. Furthermore, the association of Mei5 Our studies described here have identified a protein complex involved in meiotic recombination, which conand Sae3 on chromosomes depends upon the DMC1. 
